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Abstract 
Production of ultracold neutrons by conversion of cold neutrons in superfluid helium can be implemented in several ways, with 
the converter located either “in-pile” close to the core of a nuclear reactor or closely coupled to a neutron spallation source, or at 
the end of a neutron guide. This paper shall contribute to a discussion about source concepts for the ESS. 
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Intense sources of ultracold neutrons (UCN) are a necessary prerequisite for further progress in various particle 
physics projects at the high-precision frontier, notably the search for a non-vanishing electric dipole moment 
(EDM) of the neutron. New sources currently developed around the globe employ “superthermal” UCN production 
proposed by Golub and Pendlebury (1975), based on nearly entire neutron energy loss in single scattering events. 
As a result of the Boltzmann factor suppressing the inverse process at low temperature, together with the scarcity 
or absence of further, low-energy states inducing UCN up-scattering, UCN densities larger than by thermalization 
to the temperature of the medium may be achieved. Converter materials employed in most UCN source projects 
are superfluid 4He (He-II) and solid deuterium proposed by Golub and Pendlebury (1977) and Golub and Böning 
(1983). Recent work has also explored solid α-Oxygen [Gutsmiedl et al. (2011), Liu and Young (2004)] and solid 
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α-
15Nitrogen [Salvat et al. (2013)] as potential media for UCN production. Since the UCN production rate is 
proportional to the flux of incident neutrons, highest rates are obtained with the converter placed “in-pile”, i.e. 
coupled to an intense source of cold neutrons close to the core of a nuclear reactor or a spallation target. Only for 
He-II, due to the vanishing absorption cross section of 4He, competitive UCN densities can also be achieved in a 
converter placed at the end of a neutron guide, despite a much reduced neutron flux due to divergence losses.  
Recalling some basic expressions, the UCN production rate in a converter with volume  is given by 
  	 
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
,    (1) 
where  is the spatially averaged spectral UCN production rate density. The total production rate density 
 is 
proportional to the incident neutron flux and depends on the trap depth  due to UCN confining potentials larger 
than that of the converter material. In absence of UCN energy dependent losses, e.g. in the limit of high converter 
temperature   (see discussion after (3)) or for pure magnetic trapping,   / . Denoting by ,   the 
spectral UCN density after accumulation in the converter, the saturated UCN density is given by 
UCN,  	  , 


,           ,  	 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The inverse of the storage time constant  is composed of rate constants due to various processes, i.e. 
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The rate due to neutron beta decay limits  to an ultimate value of about 880 s. The up-scattering rate was given by 
Golub et al. (1983). For temperatures below 1 K, 
up
  K/100s.          (4) 
The rate due to absorption by 3He can be made irrelevant using a superleak [Yoshiki et al. (2005), Zimmer et al. 
(2010)] or the heat flush technique [McClintock (1978)] to remove this strongly absorbing isotope. Formulas 
describing wall losses due to the imaginary part of the UCN confining neutron optical potential and due to holes in 
the converter vessel can be found in Golub et al. (1991). For an open converter a rate adds to (3) due to UCN 
escape through the extraction aperture. If at all, theoretical limits of wall losses are obtained only under special 
conditions which are difficult or even impossible to implement in a cryogenic environment, so that in practice one 
obtains much lower values of  and hence of UCN. To improve the present state-of-the-art by strongly relaxing 
requirements on wall quality, the source project SuperSUN at the ILL is based on partly magnetic trapping of UCN 
provided by a radial multipole magnet surrounding a converter vessel, as analyzed in Zimmer and Golub (2013).  
     Table 1. Parameters of exemplary source projects, two in-pile and one in-beam (see text). Numbers are those given 
by the authors. Values for  are due to the neutron optical potentials of storage materials chosen, reduced by 19 neV of 
the He-II converter. Values for  and  for SuperSUN are given for the existing monochromatic beam H172b at the 
ILL, and in parentheses for a white beam position as foreseen for a second phase of the project. #: for   150 neV for 
which trapping is purely magnetic, and monotonously decreasing with  for higher energies. *: fully polarized UCN. 
Project SNQ PNPI SuperSUN@ILL 
Source volume  (l) 21 35 22 
Cooling power (W) 0.19 19 0.05 
Source temperature  (K) 
 (cm-3s-1) 
 (s) 
 (neV) 
0.8 
1340 
300 
233 
1.2 
2900 
20 
230 
0.5 
7 (35) 
800#
294 
 (cm-3), in source 4×105 5.8×104 1.4×103* (7×103)* 
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For comparison of different strategies, Table 1 quotes parameters of two exemplary in-pile projects and the 
aforementioned SuperSUN. Golub, Böning and Weber (1981) performed a study for the unrealized spallation 
neutron source project SNQ. Serebrov et al. (2009) presents a source design for PNPI’s WWR reactor in Gatchina 
which might become realized with different parameters at the PIK reactor. While in the study for SNQ emphasis 
was put on a maximum UCN density, leading to the choice of 3He evaporation for refrigeration of the converter, a 
premise of the PNPI study was the wish to employ a simpler 4He cryostat with much higher cooling power, at the 
price of a higher operational temperature and thus a much smaller .  
The three concepts show considerable differences in 
 and in UCN. One should however note that, as quoted in 
the table, these parameters characterize only the source alone. For a definite answer which source one should 
choose for a given experiment, one has to solve a rate equation for the complete system comprised of source, UCN 
guide and experiment, with filling and emptying cycles to be defined in each case with the goal to maximize 
counting statistics. Even for the two mentioned in-pile sources the best choice seems obvious only for extreme 
situations.  
For experiments involving very large UCN storage vessels, such as a proposed neutron-antineutron oscillation 
experiment [Snow (2009)] or the neutron lifetime project PENeLOPE [Materne et al. (2009)] a high value for   is 
primordial. Best suited seems then a source involving a large He-II converter located as close as possible to the 
maximum of cold flux available in the hot zone. Serebrov et al. (2009) state values of 1.3×104 cm-3 (7.7×103 cm-3) 
for an external bottle of 35 l (350 l) coupled to the source with a 3 m long guide of 140 mm diameter. These 
numbers illustrate that, similar to a deuterium UCN source, UCN density gets reduced much less than in proportion 
to the size of the volumes connected to the source. However, they also show that assessment of transport losses 
leads to a significant reduction of UCN density in experimental vessels. 
If, on the other hand, smaller experimental cells are preferred (e.g. to reduce systematic effects in the EDM 
experiment) a source optimized for high density via large  as in the SNQ project would be preferable. Prerequisite, 
however, is efficient UCN transport to the experiment, and dilution of UCN density into the volume of the guide 
becomes an issue. Obviously, a guide with diameter as large as in the PNPI project would be unsuitable, but much 
smaller lateral dimension would lead to lower transmission, respectively, higher storage losses. A short guide is 
clearly an advantage but in conflict with shielding requirements and available space close to the spallation target.  
An in-beam source might thus become a competitive alternative for some applications, provided any future 
opportunities to optimize UCN are implemented. Besides filling experimental vessels with size not much exceeding 
, also continuous UCN flow experiments may profit from a source which need to drain UCN from the source only 
with a rate much smaller than 
. Currently these are the short-range gravity experiments GRANIT with UCN 
extraction method described in Schmidt-Wellenburg et al. (2007) and (2009), and qBounce [Jenke et al. (2011)]. 
Advantages of an in-beam source are: much reduced UCN transport losses, low cooling power needed to keep 
UCN up-scattering negligible, easy access for trouble-shooting and maintenance and hence much better control 
over technical risks, absence of nuclear safety and licensing procedures as necessary for in-pile installations. As a 
detail not to be underestimated, no safety window is needed in the UCN extraction guide. A special class of 
experiments employs a He-II converter in-situ, like Cryo-EDM [van der Grinten (2009)], the SNS neutron EDM 
project, or experiments with magnetic traps [Huffman et al. (2000), Leung and Zimmer (2009)], which partly take 
advantage of properties of He-II present in the experiment that could not be employed with an in-pile source. 
What should be done at the ESS? Concerning an in-pile source, a new study needs to be performed for ESS. 
While most calculations in the SNQ study were done analytically, computational power available nowadays should 
be of great help to find an optimum among many configurations. To cover all future experimental needs, one 
should find optimum solutions for a “high flux” (high  ) and a “high density” (high ) source and see if they 
can be implemented as options in a flexible design (if they are not found to be identical). A rabbit system for UCN 
might be a helpful tool to reduce dilution of the UCN gas in transport over long distances. First experience with a 
He-II UCN source closely coupled to a spallation target gathered in ongoing work by Masuda et al. 2002 and 2012 
should provide helpful practical input for an in-pile source design for ESS. 
For an in-beam source, there are several opportunities. First, compared to SuperSUN the lateral dimension  of 
the primary beam could be made a factor two larger (eventually combining several beam ports in the “monolithic 
block” of the ESS), with gain in      and  increased according to (2) due to larger  resulting from the 
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frequency of wall collisions of the trapped UCN  . If taking over the concept of SuperSUN, a larger  also 
will enable placing more and stronger magnetic poles on the converter vessel, both positively affecting . Any 
further increase of cold neutron flux density due to advances in supermirror technology will also lead to a 
corresponding gain. Second, the foreseen frequent replacement of moderators in ESS might offer opportunities to 
develop a colder pre-moderator with maximum of the cold spectrum closer to the wavelength 0.89 nm of single 
phonon UCN production in He-II. Further cold flux enhancement via implementation of a nanodiamond reflector 
similar as proposed by Nesvizhevsky (2012) for ILL’s cold source should also be investigated for the ESS.  
An additional opportunity could potentially be offered due to the pulse structure of a long pulse spallation 
source, which to the knowledge of the author has not been previously considered. According to neutron 
transmission measurements by Sommers et al. (1995) the mean free path of 0.89 nm neutrons in cold, pure He-II is 
17 m. A single pulse of neutrons with length 2.86 ms and within the required narrow wavelength band around 
0.89 nm is about 1.3 m long and could be reflected forth and back several times in a 0.7 m long resonator structure 
similar to the perfect crystal system described by Jericha et al. (2000). The time between ESS pulses is about 
0.07 s, while the extinction time of 0.89 nm neutrons in He-II is 0.038 s. Hence, every pulse can be used. With an 
efficient system one might enhance the UCN density by a factor 5-10. Challenges are due to the dispersion of the 
coherent excitation in He-II. In a vessel made of beryllium for instance, production of storable neutrons is 
kinematically allowed in a neutron energy (wavelength) range of Δ 	 26 µeV about 1 meV (i.e. Δ$/$ 	 1.2%). 
Realization of a resonator will thus require development of a new gradient Bragg crystal and also a different 
scheme for filling the resonator, e.g. using a moving crystal at the entrance of the resonator.  
It should finally be stated that also an ESS in-beam UCN source project should profit from available experience 
of ongoing experimental work and developments to be made in near future, notably of the Cryo-EDM collaboration 
[Baker et al. (2003), Van der Grinten (2009)] and the group of the author [Zimmer et al. (2007) and (2011)]. 
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